Laser altimetry is a powerful tool for addressing the major objectives of planetary physics and geodesy. Through measurements of distances between a spacecraft and the surface of the planetary bodies, it can be used to determine the global shape and radius: global, regional, and local topography: tidal deformation: and rotational states including physical librations. Laser altimeters have been applied in planetary explorations of the Moon, Mars, Mercury, and the asteroids Eros, and Itokawa. The JUpiter Icy Moons Explorer (JUICE), led by European Space Agency (ESA), has started development to explore the emergence of habitable worlds around gas giants. The Ganymede Laser Altimeter (GALA) will be the first laser altimeter for icy bodies, and will measure the shape and topography of the large icy moons of Jupiter, (globally for Ganymede, and using flyby ground-tracks for Europa and Callisto). Such information is crucial for understanding the formation of surface features and can tremendously improve our understanding of the icy tectonics. In addition, the GALA will infer the presence or absence of a subsurface ocean by measuring the tidal and rotational responses. Furthermore, it also improves the accuracy of gravity field measurements reflecting the interior structure, collaborating with the radio science experiment. In addition to range measurements, the signal strength and the waveform of the laser pulses reflected from the moon's surface contain information about surface reflectance at the laser wavelength and small scale roughness. Therefore we can infer the degrees of chemical and physical alterations, e.g., erosion, space weathering, compaction and deposition of exogenous materials, through GALA measurements without being affected by illumination conditions. JUICE spacecraft carries ten science payloads including GALA. They work closely together in a synergistic way with GALA being one of the key instruments for understanding the evolution of the icy satellites Ganymede, Europa, and Callisto.
1. Introduction
JUICE Mission
The JUpiter ICy Moons Explorer (JUICE) is a spacecraft mission led by the European Space Agency (ESA) that will provide the most comprehensive exploration of the Jovian system, specifically addressing two key questions of the ESA's Cosmic Vision program: 1) What are the conditions for planet formation and the emergence of life? and 2) How does the Solar System work? 1) The overarching theme for JUICE is the emergence of habitable worlds around gas giants. The icy Galilean moons of Jupiter -Europa, Ganymede, and Callisto -are believed to contain global subsurface water oceans beneath their icy crusts. Ganymede, in particular, the largest moon in the Solar System, can be said to be one of the typical solid bodies along with terrestrial planets in terms of its size and the intrinsic magnetic field originating from the metallic core. However, current knowledge provided by previous explorations is extremely limited, since it comes from only several flybys. JUICE will uncover the whole picture of Ganymede by the first orbiting in the history around an extra-terrestrial moon. The expected new big picture of the origin and evolution of Ganymede will not only be key to unveiling the origin of diversity among the Solar System bodies, but also contribute to our understanding of exoplanets with their broad diversity, possibly including also icy planets. In addition, the flybys at Europa and Callisto will deepen our understanding of the current state and evolution of the Jovian satellite system. JUICE is currently planned for launch in May 2022. Following an interplanetary cruise of 7.6 years, Jupiter orbit insertion will take place in October 2029. The spacecraft will perform a 2.5 years Jupiter-orbiting tour including two flybys of Europa at 400 km altitude, multiple flybys of Ganymede and Callisto with a minimum altitude of 200 km. After these flybys, JUICE will enter into an orbit around Ganymede and stay there for at least ten months.
In this paper, we provide a technical description of the GALA instrument (1.2.), an overview of the Icy Galilean Moons (2.), a summary of the scientific objectives of GALA (3.), and a de- scription of possible synergies with other instruments onboard the JUICE spacecraft (4.). We conclude with an outlook on JUICE mission (5.).
The GALA Instrument
The Ganymede Laser Altimeter (GALA) is one of ten payloads selected for JUICE mission. The GALA uses a straightforward and classical approach of laser altimetry, which means that a laser pulse is emitted at a wavelength of 1064 nm by using an actively Q-switched Nd:Yag laser firing at 30 Hz (in the nominal operation sequence). The pulse is reflected from the surface of the target body (surface spot size is 50 m at 500 km altitude orbit (Fig. 1) ) and is received by a telescope. The time of flight between the emission of a pulse and the receipt of the reflected pulse is measured, and this flight time is converted to a distance using the light speed. The GALA will be operated from ranges smaller than 1300 km (depending on the different albedo values of Europa, Ganymede and Callisto) during flybys. The primary observation phase at Ganymede is the final circular polar orbit phase with an altitude of 500 km.
2)

The Icy Galilean Moons Targeted by the JUICE/GALA
Is there a life elsewhere in the universe? Pursuing this question is a fundamental part for human beings, and a clue to the answer of this question may be found on the icy Galilean moons. After magnificent achievements of the Galileo and Voyager spacecraft missions, the existence of a thick liquid water layer underneath solid ice crusts has been inferred for Ganymede, Europa, and Callisto. Such liquid layers are now understood as subsurface oceans. To date, the evidence for oceans is not fully conclusive and mainly based on electromagnetic induction signals, surface morphology and thermal modeling. However, each of the icy Galilean moons ex- hibits unique characteristics in terms of surface geology, interior structure, and evolution that raises our expectations for habitable ocean worlds. In the following, we summarize our current knowledge for the three icy Galilean moons, Europa, Ganymede and Callisto, that will be targeted by JUICE mission.
Europa
Europa is covered by a solid water ice shell but is primarily composed of rocky materials, as inferred by its mean density of 3014 kg m −3 (Table1). Gravity field measurements by the Galileo spacecraft can be matched with models of interior that range from an ∼80 km thick surficial water shell with a larger Fe+S core to an ∼170 km thick water shell with a smaller, pure Fe core (the core size also depends on the density of rocky mantle that exists between the water shell and the core). 4) Europa's surface is characterized by fractured and locally molten ice, 5) and the relative paucity of impact crater suggests a geologically short timescale of resurfacing, typically a few tens of Myr.
6) The most striking example is the chaotic terrain, showing irregularly-shaped landforms and surface textures which is typically composed of polygonal blocks of pre-existing surface that has been shifted and loosened by the motion of liquid water beneath, expanded, and then has refrozen into hills and jagged mounds. These chaotic terrains may be located atop vast lakes of liquid water within the ice shell. 7) Underneath the solid ice shell, there must be a global liquid water layer because an induced magnetic field has been detected, 8) although its depth and thickness are not well constrained.
Ganymede
Ganymede is the largest and most massive satellite not only in the Jovian system but also among all of the planetary satellites in the Solar System, and is the primary target for JUICE mission. Ganymede is larger than planet Mercury, while its mass is less than half (Table1) . The small value of the moment of inertia factor (0.3105±0.0028 9) ), derived from gravitational measurements by the Galileo spacecraft, suggests that Ganymede's interior is strongly differentiated. The strong dipole magnetic field indicates that a (at least partially) liquid iron-rich core exists at the center and that it sustains dynamo activity. 10) A possible core radius depends on the relative proportions of major light elements and is not well constrained, but the moment of inertia factor constraints the range of the core radius between 600 km for the pure iron core and 1150 km for the FeS core. The thickness of the water layer ranges from 1000 to 1100 km above the silicate mantle. 11, 12) The surface of Ganymede is divided into two principal terrain types, relatively old and dark (heavily impact cratered) terrain, and relatively younger and cross-cutting lanes of bright (typically grooved) terrain (Fig. 2) . Dark terrain comprises about one third of Ganymede's entire surface, and its age is estimated to be older than 4 Gyr based on the crater size and density relationship. 6, 13, 14) The smallest craters are simple bowl-shaped, but it shows transition into more complex morphology with increasing crater size. Further larger sized craters, morphology changes into central pit, central dome, Penepalimpsests, Palimpsests and Multi-ring structure with its diameter (Fig. 2) . Particularly, vast multi-ringed structures, extending from tens to hundreds of kilometers in length, which are accepted to be faultbounded troughs formed in response to large impact events into a thin lithosphere in early stage, termed furrow (fossae) systems represents dark terrain. 15, 16) The bright terrain covers remaining two thirds of the surface and separate tracts of the dark terrain in the form of wedges. It is ubiquitously grooved, and indicates episodes of widespread extensional tectonism. Although the bright terrain is fairly heavily cratered, it is clearly younger than the dark terrain as can be seen by truncation relationship with the dark terrain and by the fact that the bright terrain has a lower crater density. However an estimated age has large uncertainty because of poor resolution of images and ambiguity of impact flux. High resolution images revealed that the bright terrain appears to consist of belts of subparallel grooves, and to be the result of tilt-block normal faulting the surface brittle icy layer, while the large-scale topography may be due to necking of the brittle layer over a ductile substrate. Possible hypotheses for the origin for the bright terrain are global expansion produced by internal differentiation, subsequent heating, and phase transitions in solid ice. 17, 18) In addition, relatively smooth areas are also present. Cryovolcanism has been considered as possible formation mechanism 19) but available data have not provided sufficient resolution and coverage for further enforcing this hypothesis.
Observed inductive response is consistent with a buried conducting shell, probably liquid water ocean, though other interpretations cannot be ruled out. 20) The large thickness of water layer makes its structure quite different from that of Europa. Due to the high pressure value at the bottom of the water layer, high pressure phase ices must exist below a depth of around 150 km. Thus, the water layer is subdivided in Ice Ih, Ice III, Ice V and Ice VI with increasing pressure. If a liquid water layer exists, as indicated by the magnetic data, it should be located between the ice I and the high-pressure (HP) ice layer.
Callisto
Callisto is the second largest of the Galilean moons. The Voyager and Galileo spacecraft revealed that Callisto's surface is fully dominated by impact craters and is one of the darkest among the icy moons with an albedo of about 0.2. The impact craters show a broad variety of morphologies from small simple bowl-shaped to huge multi-ring structure with increasing size as seen on the dark terrain of Ganymede. Though an inductive magnetic signature indicating a subsurface liquid water ocean has been detected, its depth and thickness are not constrained and signatures of tectonics and resurfacing are lacking. A relatively large value of the moment of inertia factor (0.3549±0.0042 21) ) suggests that Callisto's interior is only partially differentiated, which means the interior is composed of ice and rocks and the amount of rock increases with depth. The distribution of these components is not well constrained and there is a wider range of interior models between a simple 2-layer model, few hundreds kilometers of water shell over a mixture of ice and rock, and 3-layer model, a small rock+metal core, ice/rock mixed mantle and surficial water shell. Callisto does not have an intrinsic dipole magnetic field, which is consistent with its lack of a completely differentiated metallic core. It should be noted that the moment of inertia is obtained assuming a hydrostatic equilibrium state. This is mainly because the Galileo flybys were limited to equatorial regions. However, non-hydrostatic effects may not be neglected for small or slowly rotating bodies, such as Callisto.
22)
Scientific Objectives of the GALA Instrument
In JUICE mission, the GALA will acquire a first laser altimetry data of an icy body in the Solar System. During closest approaches of flybys at Europa and Callisto, and in orbit around Ganymede, the GALA will provide range measurements. These measurements enable us to know the quantitative topography, to monitor the tidal responses, and to measure the albedo and small-scale roughness at surface. In particular, JUICE spacecraft will be set in a polar orbit around Ganymede in the final phase of the mission. The 500 km altitude orbit around Ganymede allows for an global coverage of the entire moon. In previous observations, altimetry data are not obtained and image data has poor resolution; e.g., roughly half of entire Ganymede's surface has been classified as undistinguished in the global geologic map of Ganymede published by USGS. 23) The observations by JUICE will significantly improve such knowledge, then eventually the GALA will provide a characterization of icy tectonics, a constraint on the existence of a subsurface ocean, and understandings of small-scale surface condition and external process of surface alteration. In the following we will discuss the scientific objectives at Ganymede in detail, the main target of JUICE mission, and briefly summarize the scientific questions addressed during close flybys at Europa and Callisto.
Local topography and global shape
Ganymede and other icy moons are covered with ice on their surface and show many tectonic structures with characteristic morphologies and various spatial scales that are quite different styles from those found in rocky objects.
From range measurements in the 500 km orbit phase, a Ganymede reference ellipsoid will be determined to which regional and local heights measurements can be referred. Because of the greater distance from Jupiter, secular tidal effects on the global static shape are expected to be on the order of a few kilometers, much smaller than for Europa or Io. For a typical model Ganymede we would expect a difference of the longest axis (sub/anti-Jovian) to the shortest axis (polar) of about 1.8 km. This deviation from spherical shape is on the same order as elevations of most prominent geologic features on Ganymede, which makes other methods (e.g., limb measurements from imaging data), which can measure only one-dimensional topographic profile, probably less accurate. The global two-degree shape will be determined by GALA very accurately by fitting a tri-axial ellipsoid to the obtained range measurements. Deviations from the expected geoid would tell us whether the interior can sustain long-wavelength topography over long timescales. Interpretation of such long-wavelength topography would include i) a very rigid outer ice shell that did not yet adjust to the equilibrium state; ii) latitudinal and/or longitudinal variations of ice thickness according to the thermal state of the ice shell and ocean; iii) gravitational influence of the silicate interior on the outer ice shell. Furthermore global shape data will be used to determine center-of-figure/center-of-mass offsets.
Whether lateral variations of topography on the order of thousand km are present on Ganymede is unknown. Such topography anomalies superimposed on the degree-2 topography could be caused by density variations in the interior. Correlation between gravity and topography would indicate deviations from isostatic compensation with important implications for the thermal state of the lithosphere. Therefore, combined gravity and topography measurements are key to understand the thermal evolution of the outer ice shell. Inhomogeneous mass distributions in the ice can be caused by convection, impact remnants buried in the ice, or by large scale topography at the rock/ice boundary. Gravity anomalies at scales of a few thousand km on Ganymede have been reported. 24, 25) Combined gravity and topography data at the given locations could reveal whether the mass anomalies are located deep inside the interior (possibly associated with the rock/ice boundary) or correlated with surface topography and geological terrain. Multi-ring impact basins, e.g. the large basin Gilgamesh on Callisto, have similar dimensions. The gravity corrected for topography would reveal whether such basins show anomalies associated with mass concentrations.
Topography provides a specific record of the evolution processes and lithospheric structure of a planetary body. It can be used to infer lithospheric thickness and, using Yield Strength Envelopes (YSE), 26, 27) determining the body's thermal state at the time of (topography) formation. Laser altimeter profiles combined with camera data are appropriate to infer the effective elastic thickness of the lithosphere. 28) In order to get such topography information the lateral spacing between the profiles must not be larger than a few km. The morphology of the boundary reveals that the trough and the elevated bright terrain flanking ridge were formed by extension leading to the model of lithospheric flexure in this case. 28) Thus, local topography will help to understand the formation of geological features that are related to the structure of the outer icy crust, the processes involved in its deformation and the specific fate of water in this layer adjacent to the conjectured internal ocean: on Ganymede, the high strain tectonism probably implied in the formation of grooved terrains 29) and possibly cryovolcanism both give indications on the rheology and thermal state of the icy crust.
The coverage of the topography of Ganymede by the GALA instrument is subject to operation time and the spacecraft orbit. Due to the polar orbit of JUICE the coverage is best at polar regions and worse at equatorial regions. The coverage by the GALA after the nominal mission the global shape can be expressed in spherical harmonics coefficients with degree and order 44. According to the sampling theorem of Ref. 30) , this corresponds to a grid size of 2
• corresponding to 92 km at the equator. The global shape of Ganymede will be therefore determined with an accuracy of better than 5 meters.
In the next section, expected scientific objects of surface geology for the targeted moons will be summarized.
Geology
For Ganymede, detailed topographic profiles crossing the linear features of grooved terrains as well as digital elevation models (DEMs), produced from the dense altimetry coverage obtained from the circular orbit phase, will be central for characterizing the tectonic styles and processes associated with groove formation, as well as for mapping regional tectonic systems that form natural boundaries for the analysis of large-scale crustal deformation. Specifically, the total amount of surface expansion due to quantitative morphology analyses of grooves would be seen by topographic data, and we might see the amount of internal volume change due to temperature change and/or the solidification amount of the subsurface ocean, which will be important constraints for the thermal history of Ganymede. In addition, identification of small impact craters enable us to estimate the geologic age with higher accuracy. Finally, information by combining morphology of each geologic unit and their age will bring an essential contribution to understand the style of the icy tectonics and its evolution.
Ideally, this will benefit also from context information from high-resolution images of the camera experiment, JANUS, as well as from stereo-image derived DEMs. The topographic database derived from stereo imaging from the Galileo and Voyager datasets is very limited. The available data suggest that Ganymede's surface is subdued as observed also for Europa.
Laser altimetry for the dark terrain and the impact crater enable us to find quantitatively the depth and diameter of impact craters, which reflect the structure of icy lithosphere and the interior thermal state. Crater morphology changes with time which means that the depth of the crater floor decreases, called as relaxation, thus topography data by the GALA will be a key to constrain the moon's thermal history. Relaxation of the impact crater changes stress field and induces faulting within and around the crater, and the morphology of faults (radial or concentric) depends on the lithosphere thickness. 31) Therefore, measurement of depth-diameter ratio and analyses of fault structure for a crater large enough for significant relaxation will be important for understanding Ganymede's thermal history. Accurate measurement of the depth-diameter ratio for small craters, which is considered to be hardly relaxed, is also necessary to estimate the relaxation degree of large craters, e.g., Tashmetum and Herchef crater.
Because JUICE spacecraft will enter the pole-to-pole orbit around Ganymede in its final mission phase, the GALA's altimetry footprints will have a higher density in a high latitude area. Thus impact craters located around polar region are preferable to measure small-scale morphology inside a crater with a higher spacial resolution, e.g., Ptah crater (Fig. 3) . In addition, craters located around the boundary of different geologic units (e.g, between the dark terrain and the bright terrain), or craters deformed by subsequent tectonics (e.g., transected by faults) make estimation of depth-diameter relationship difficult. Therefore, impact craters located in a single geologic unit not affected by any subsequent tectonics are preferable.
Generally, old dark terrain features seem to have stronger relief than younger, bright terrain features. The features with largest relief are domes showing relief up to 2.5 km. 32) While the requirements from gravity and geophysics are stringent with respect to height resolution but generous in terms of spatial resolution, for geology, high spatial coverage, high spatial resolution and high resolution of topographic heights are all important because of the smaller scale of the tectonic and possibly hydrovolcanic features. Combined with global image coverage, the GALA operating at 30 to 50 Hz combined with a laser footprint of 50 m diameter will provide excellent along-track coverage.
For Europa, the GALA will perform altimetry at an altitude less than 1300 km during two flybys. Europa's diverse geology is unique in the solar system. Spreading-style crustal deformation is known to be a dominant process of surface formation, 33) while chaos regions and ridges are most certainly associated with melting and melt migration within the icy crust (e.g. 7) ). The GALA's high frequency mode with laser shots at 50 Hz is appropriate to obtain height profiles with a spot distance down to 20 m when the spacecraft is closer to the surface than about 1600 km. Along the two ground tracks several regions are located that are associated with recent activity or possible cryovolcanism presumably involving liquid water as indicated by smooth plains. In chaotic terrain (e.g., Conamara Chaos) the ice blocks are broken apart, tilted, and shifted within the matrix material which appears to be at different topographic levels. A fundamental question related to the formation of chaos terrain is whether chaotic regions are elevated regions with respect to the surrounding reference surface. The latter would suggest upwelling plumes as the fundamental formation process. 5) An alternative scenario favors liquid water associated with cracks in a thin ice shell. 34) Besides chaotic regions double ridges, bands, smooth plains, pits, spots and domes, and craters would be sites of specific interest along the tracks. Again the synergy between laser altimetry, camera, spectrometers and subsurface radar for these targeted observations would provide most valuable datasets to infer the dynamics and recent (or ongoing) activity in Europa's ice shell.
Whereas Ganymede and Europa show regions that have been modified extensively by geological processes, the surface of Callisto is dominated by craters of various sizes. Besides impacts, surface modifications on Callisto are based on weathering processes and erosion. Whereas surface roughness measurements are the tool to characterize different degrees of surface degradation, height profiles obtained during flybys would reveal crater morphologies of various types. The GALA will address both objectives during the Callisto flybys. The latter would be related to impact crater formation and different rheological structure and temperature profiles of the shallow ice at time of formation. Specific targets during the flybys at Callisto would include the various types of impact structures from simple craters to largely relaxed structures. Palimpsests are unique impact structures on Ganymede and Callisto that are devoid of typical crater morphologies such as crater rims. Origin hypoth- . esis of such heavily eroded and relaxed impact structures include the following modes of emplacement: (a) extrusion, triggered by impact, (b) fluidized ejecta, (c) dry and solid ejecta. To distinguish between those by profiling the surface and subsurface is a fundamental task of laser altimetry, imaging systems, and subsurface radar.
Diurnal tidal responses
During the mission lifetime, the GALA onboard JUICE spacecraft will conduct multiple measurements at many geographically fixed locations and will provide a time series of surface displacement. 35) The temporal changes of the surface displacement are likely to be due to tides raised by the primary, Jupiter, because the orbit of Ganymede has non-zero eccentricity and the interior of Ganymede is not perfectly rigid. Tidal deformation also leads to a temporal change in the gravity field, which is also planned to be measured by the tracking of the spacecraft. 1) Since different interior structures lead to different amount of deformation (i.e., a softer interior leads to a larger amplitude of deformation, and vice versa), tidal deformation measurements through laser altimetry (i.e., the GALA) and the radio science experiment (3GM) are key observations to constrain the interior structure of Ganymede. In particular, the presence or absence of a subsurface ocean would have a large effect on tidal response. Although there are large uncertainties in many parameters describing the interior structure of Ganymede (i.e., the thickness of a subsurface ocean, the viscosity and rigidity of ice), previous theoretical studies of Ganymede's tidal deformation [35] [36] [37] explored only a limited range of parameters. We calculate (spherical harmonic) degree-2 tidal response of Ganymede adopting different interior structures. Specifically, we calculate the amplitude and the phase lag of surface displacement and gravity field under a wide variety of parameter conditions.
We use a spherically-symmetric, fully differentiated Ganymede model consisting of an outer water layer, a rocky mantle, and a metallic core. The detailed framework of our model is described in Ref. 38 ). The reference viscosity for the ice shell (i.e., the viscosity at the melting point) and the viscosity of HP ices are free parameters.
The degree-2 tidal response for a spherically symmetric body can be calculated by solving a linear ordinary differential equation system. The non-dimensional values describing the tidal response are called the Love numbers: h 2 is the normalized surface vertical displacement and k 2 is the normalized gravity field response. We use a Love number calculation code we developed previously.
39) The Love numbers are complex numbers; the absolute value gives the amplitude of deformation while the argument gives the phase shift of deformation due to viscous behavior of the body. Figure 4 shows the two-dimensional histogram of h 2 (radial displacement response) calculated under different parameter conditions (15,537,184 cases). If there is a subsurface ocean, the absolute value of h 2 ranges between 1.0-1.7, and the phase lag is < 10 degrees. On the other hand, if there is no subsurface ocean, the former ranges between 0.1-1.6, and the latter can be up to even more than 60 degrees. Phase lag here is the angle between the position where the tidal potential becomes maximum, i.e. perijove, and the position where the radial bulge becomes maximum on the Ganymede's orbit. Phase lag of 60 degrees means that the maximum radial budge should occur about 29 hours after passing through the perijove (Ganymede's orbital period is ∼ 172 hours). On the other hand, when the phase lag is 10 degrees, maximum radial bulge would occur about 5 hours after the perijove (Figure 6 ). Because this time difference is much larger than the time resolution of topographic measurements achieved by GALA, we should be able to tell the presence/absence of a large subsurface ocean from the time lag measurements.
This result indicates that one cannot infer the presence of a subsurface ocean in Ganymede solely based on the amplitude of tidal deformation; a large absolute value of h 2 (∼1.5) does not necessarily requires the presence of the ocean. This is the case when the HP ice layer, in particular the ice III layer, has a low viscosity. If a rheology experimentally determined under a high stress were applicable to the actual HP ice of Ganymede, an extremely low viscosity may be rejected. Nevertheless, the rheology of HP ices under a low stress is poorly known. Thus, one cannot rule out the possibility that the effective viscosity of the HP ice layer is very low.
We found that this result is quantitatively the same for k 2 (gravitational response). Nevertheless, if we use both the amplitude and phase lag, one can infer the presence/absence of the ocean. If a subsurface ocean exists, a large amplitude (|h 2 | > 1) and a small phase lag (< ∼10 degrees) is expected. Such a large |h 2 | can be achieved even if the ocean does not exit, though it leads to a large phase lag (> ∼10 degrees). Thus, observational constraints on the amplitude and the phase lag of tidal deformation would play a crucial role in inferring the presence or absence of a subsurface ocean in Ganymede. Again, this is also the case for k 2 .
Simulation studies are necessary to estimate the accuracy of the Love numbers. Ref. 35 ) presented such a simulation result for h 2 based on the GALA instrument performance and the current spacecraft operation plan. They found that about half a million crossover points are expected to be formed during the nominal mission period of 132 days with realistic operational time of 16 hours per day. The differential height measurements at the crossover points contain information on time-variable tidal displacement. Although most of the crossover points are concentrated in the polar regions due to the near-polar orbit, we can also expect many enough crossover points in the equatorial and low-latitude regions where the tidal amplitude is large, having the larger sensitivity for h 2 . They assume in their simulation that h 2 =1.3 (corresponding to the large h 2 case in Figure 4 , and concluded that a total error of 2% in h 2 is expected. On the other hand, for the large h 2 case, the h 2 accuracy required to distinguish presence or absence of a subsurface ocean is about 6% (1σ) since sin (10 degrees) ∼ 0.17. Thus the GALA instrument specs and the observation plan will sufficiently confirm or disprove the existence of an ocean underneath ice shell.
Another implication which is scientifically important is the thickness of the top ice Ih shell (assuming a subsurface ocean exists) because this thickness yields not only the current interior thermal state but also the thermal evolution of the satellite. Figure 5 indicates that a thinner ice shell leads to larger |h 2 | and |k 2 |. Nevertheless, if one considers different physical properties of the shell (i.e., viscosity and rigidity), different thicknesses can lead to the same deformation amplitude (i.e., |h 2 | and |k 2 |). Consequently, if one uses either of |h 2 | or |k 2 |, the uncertainty in the shell thickness can be very large. For example, if the GALA data yield |h 2 | = 1.45, the thickness of the shell would be ∼30-150 km. While the phase lag also contains information of the shell thickness, a precise estimate of the shell thickness from the phase lag requires an extremely high precision for the phase lag (i.e., < 0.1 degree), which may not be practical for |h 2 |.
However, the use of both Love numbers (i.e., |h 2 | and |k 2 |) can reduce the uncertainty in the shell thickness significantly. For example, if |k 2 | is constrained to ∼0.51, the ice shell thickness is estimated to be ∼25-60 km. Thus, collaborative measurements and analyses of topography data and gravity field data are important for constraining the interior structure of Ganymede.
Tidal interaction also affects the moon's rotation, which depends on the interior structure especially on the existence of a subsurface ocean. The rotational change of the moon statistically develops into a shifting of laser footprint position which could be detected with the GALA. Furthermore combining al- timetry data with visible imaging using camera (JANUS) leads to greater accuracy in detection of the rotational change. Specifically, one of the rotational change, the forced libration, of Ganymede depends on the ice shell thickness, and its amplitude ranges between 15 meters for a 500 km-thickness ice shell and 355 meters for a 25 km-thickness ice shell. 40 ) If Ganymede's ice shell is thin enough to enlarge the libration, it could be detected by the GALA altimetry.
Small-scale roughness
Slopes and roughness are important parameters for quantitative studies of surface characteristics. These parameters measure an interplay between various processes that modify a planetary surface, including crater formation, volcanic resurfacing and the generation of tectonics, and crustal strength and isostasy (see 41) for Mars; 42, 43) for asteroid 433 Eros; 44) for asteroid Itokawa; 45) for the Moon). To date the dominant factors affecting these parameters are known to vary with baseline scale and geologic environment especially. This is exemplified by surface slopes and roughness obtained at Mars by MOLA on board of MARS GLOBAL SURVEYOR. 46) There remain unanswered questions (e.g., 45) ) on what causes some of the changes in broad scale surface roughness at broad baselines, which additional data collected on the icy surface of Ganymede could help elucidate. The GALA is perfectly suited to obtain these measurements. The mean 100-m scale roughness of Mars was determined to be 2.1 ± 2m RMS.
47) The GALA will have the capa- bility to assess the surface roughness. The GALA will use both a digital filter but will also be capable of transmitting digitized return signals. With the latter, a better separation of albedo, surface roughness and local slope effects can be expected. An important objective is to relate the surface roughness to different terrain types on Ganymede. 48) To characterize surface roughness at Ganymede laser footprints of 50 m and high shot frequencies will be used in the Ganymede orbit phases. Analysis of the digitized sample of the return pulse by the GALA provides the most-important data-sets for surface roughness.
Local roughness, slopes and these distributions provide important clues to the morphologic history in terms of both formation and modification mechanisms. Comparison of quantitative measurements of such roughness with surface geologic units is a powerful tool for interpreting the relationships between geologic and topographic units and their origins. Altimetric shots provide information characterizing the target surface within the laser footprint (diameter of 50 m at 500 km altitude orbit), since local roughness broadens the laser pulse and weakens the amplitude of the return signal. Furthermore, statistical properties of local slopes and roughness provided by the GALA are also being used to characterize potential landing sites for future missions. 
Surface albedo
Information on the surface albedo at the laser wavelength (1064 nm) can be gained from the intensities of the transmitted and returned pulses. The GALA data also offer the advantage that no photometric (illumination) normalization is required to compare measurements of different areas of the moon's surface because the laser altimeter carries its own light source and will perform measurement at a constant phase angle. Through mapping of these albedo patterns, possible correlations of albedo with topographic heights and geologic ages can provide information on geological processes and on the interaction of the surface with the moon's radiation and particle environment. Analysis of stereo topographic models obtained from Galileo images has revealed a strong correlation between elevations and material. 49, 50) In some areas, bright material appears to be concentrated on slopes tilted north. Possibly, mass wasting in combination with illumination effects can explain these patterns. The GALA will map these albedo patterns and study their relationships to topographic elevations and slopes. In addition, polar caps appear as bright regions in visible images at high latitudes which are connected directly with Jupiter's magnetic field lines and are therefore open to plasma bombardment from Jupiter's magnetosphere. However the photometric behavior of Ganymede's surface has not yet been fully refined based on Galileo images and local reflectance is also affected by local morphology and geological processes. The GALA's albedo measurements will be a reliable tool in distinguishing between polar cap frost and other materials present elsewhere.
Such measurements would complement the data sets from the near-infrared spectrometers. In addition, a laser altimeter can measure reflectance properties of unilluminated regions, e.g., permanent shadow area at polar locations, where camera data cannot be obtained.
Possible Synergy of Other Scientific Instruments Onboard JUICE Spacecraft
Characterization of the icy Galilean moons will be achieved not only from the GALA measurements but also by synergy of the various scientific instruments onboard JUICE spacecraft, for example, surface images taken by optical camera (JANUS) will confirm the position of the GALA laser footprint to complement the GALA point data for precise topographic mapping. A radar sounder (RIME) and a radio science experiment (3GM) probe the interior structure, especially the interior of the icy crust to investigate the formation of tectonic features. A visible and infrared imaging spectrometer (MAJIS), an ultraviolet imaging spectrograph (UVS) and a sub-millimeter wave instrument (SWI) will acquire surface and atmosphere compositional data. A magnetometer (J-MAG) monitors moon's inductive response to the Jovian magnetic field and probes the subsurface ocean with the help of a particle environment package (PEP) and a radio and plasma wave investigation (RPWI). The instruments work closely together in a synergistic way with the GALA being one of the key instruments for understanding the evolution of the icy satellites Ganymede, Europa, and Callisto.
Conclusion
JUICE is a spacecraft mission to Jovian system, which is planned to be launched in 2022 aiming at coordinated observations of Jupiter and their icy Galilean moons especially Ganymede. The GALA instrument is one of ten scientific payloads for JUICE and is currently under development with an international collaboration between European and Japanese institutions. The GALA will be the first laser altimeter for icy bodies, and will measure the shape and topography of the Jovian icy Galilean moons, (globally for Ganymede, and flyby region for Europa and Callisto). In previous observations, altimetry data were not obtained and image data has poor coverage for these moons because of only several flybys. The GALA altimetry data will fill this gap and especially for Ganymede, the GALA altimetry at the 500 km altitude orbit around the moon allow an excellent global coverage of the entire Ganymede. On a local scale, a first quantitative data provided by the GALA will significantly advance our understandings of the icy tectonics and of the small-scale surface conditions. On a global scale, tidal responses, e.g., tidal deformation and rotational changes, of Ganymede can be detected and amplitudes bring us information on the presence or absence of the global liquid water ocean under the solid ice shell. Furthermore, collaborative measurements with other scientific payloads will unveil the emergence of the potential deep habitat under the icy surface.
